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Introduction {#sec1}
============

The size and shape of crystals have a profound effect on the properties of the final solid-form product as well as on the efficiency of downstream operations. Needles and plate-like crystals are usually considered undesirable since they are difficult to filter and suspend in solution. Fine crystals can also be problematic during filtration despite their faster dissolution rate.^[@ref1]−[@ref3]^

Including additives during the crystallization process can be effective in modifying the shape of the final crystals and reducing their aspect ratio, producing improved crystal shapes that enable more effective operation of downstream processes such as filtration.^[@ref4]−[@ref10]^ Additives can also be used to enable access to new or elusive polymorphic forms.^[@ref11],[@ref12]^ Polymers may be selected as additives in preference to the alternative strategy of employing structurally similar additives because many polymers are generally recognized as safe (GRAS) compounds, and they cannot easily be incorporated in the crystal structure as impurities due to their large size.^[@ref13]−[@ref15]^

Crystal size and shape can also be manipulated through temperature cycling: heating and cooling cycles allow dissolution of fines and growth of the larger crystals;^[@ref16]−[@ref18]^ temperature cycling was also found to affect the surface properties of the resulting crystals^[@ref19]^ as well as the degree of solvent inclusion.^[@ref20],[@ref21]^ This procedure was applied to both batch and continuous crystallization processes in a mixed suspension mixed product removal (MSMPR) configuration.^[@ref22],[@ref23]^ Furthermore, the presence of regions of heating and cooling in a plug flow crystallizer was found to prevent fouling as well as improve crystal size distribution of the final product.^[@ref24],[@ref25]^

Prolonged temperature cycling can also have a large impact on the shape of the original crystals, since different faces of the same crystal can have different relative growth and dissolution rates. Consecutive cycles of growth and dissolution can generate shapes that would be difficult or impossible to obtain by growth alone (e.g., linear, natural, or programmed cooling).^[@ref26]−[@ref29]^ The effect of temperature cycling on the shape of a single plate-like crystal was modeled and validated experimentally by Lovette et al. (2012), while Jiang et al. (2014) and Eisenschmidt et al. (2015) both estimated the growth and dissolution kinetics using a multidimensional population balance model.^[@ref29]−[@ref31]^

In the first two studies a converging trend of the aspect ratio of crystals was experimentally observed during cycling for a single crystal and a population of crystals in a stirred vessel. However, experiments were not continued for long enough to observe a cycling equilibrium. In particular, Jiang et al. (2014) used focused beam reflectance measurement (FBRM), infrared spectroscopy (ATR-FTIR), and a particle vision and measurement (PVM) probe to determine the kinetic parameters during a single experiment in which crystals of monosodium glutamate were subjected to a deep but short temperature cycling (only five cycles). A considerable change in the shape of the crystal was observed together with changes in the FBRM statistics, but the experiment was stopped before any of them could reach a stable value.^[@ref30]^

Eisenschmidt et al. (2016) also optimized the number and amplitude of cycles during the crystallization process in order to achieve the desired shape of potassium dihydrogen phosphate (KDP) crystals.^[@ref32]^ Despite the simplicity of the model, which includes only dissolution and growth, and the imaging technique used for the estimation of the kinetic parameters, the study clearly shows how cycles of growth and dissolution can be used effectively to obtain morphologies that are not attainable by growth only.

In the work presented here, crystals of succinic acid have been subjected to different temperature cycles until the oscillating trends of shape and size distributions of the crystals did not change significantly over a relatively long period of time. Such a condition was determined using FBRM and PVM statistics as well as the Raman signal. This paper represents a first attempt to describe complex crystallization processes that include (1) primary and secondary nucleation, (2) complete dissolution of fine crystals and Ostwald ripening, (3) partial, face-specific, dissolution of large crystals, (4) face specific crystal growth. The result of such a process on a population of succinic acid crystals is a distinct change in morphology with the complete disappearance of a main crystallographic face, a reduction in the total number of suspended crystals, as well as a considerable increase in their mean size.

The effect of the type of cycling and the presence of a polymeric additive on the final shape of the crystals and the total time needed to reach the steady-state conditions was studied in this work. The existence of a practical steady-state size and shape of succinic acid crystals reached through temperature cycling was established, at the 350 mL scale. The time needed to reach this condition during the different types of cycling and in the presence of Pluronic P123 as a polymer additive was determined using the PAT tools employed (FBRM, PVM, and Raman spectroscopy), showing how crystal shape and size of succinic acid can be modified using a combination of temperature cycling and a polymeric additive. The results presented in this work can be used for a more efficient design of industrial batch crystallization processes that enhances the properties of the final product and reduces its production cost by specifically tailoring crystal shape and size.

Methodology {#sec2}
===========

Succinic acid and Pluronic P123 were obtained from Sigma-Aldrich; deionized water (Millipore ultrapure water system) was used as the solvent for the experiments.

Succinic acid (SA) is a dicarboxylic acid commonly used as a coformer in multicomponent crystallization of active pharmaceutical ingredients (APIs) as well as in the food industry.^[@ref33]^ It can exist in two polymorphic forms, α and β, which are enantiotropically related. The triclinic α-form can be obtained by solid transformation from the β-form at temperatures above 137 °C.^[@ref34]^ The monoclinic β-form can be crystallized from several solvents in different morphologies,^[@ref35],[@ref36]^ and is the form studied here. Aqueous crystallization results in plate-like crystals, whereas crystallization from isopropanol results in a needle-like morphology.^[@ref35]−[@ref38]^ Pluronic P123 is a triblock copolymer with blocks of hydrophilic polyethylene glycol (PEG) sandwiching a hydrophobic polypropylene glycol (PPG) block.

![Schematic of the rig used for the experiments and the CryPRINS software.](cg-2016-016833_0001){#fig1}

Solutions of succinic acid in water (saturation temperature of 20 °C, corresponding to 0.06g/g water) were heated up to 30 °C to allow complete dissolution of the solids and then cooled down to 10 °C at a rate of −0.5 °C/min in order to nucleate crystals. The temperature was kept constant until the total counts/s measured by FBRM reached a stable value, and, after that, temperature cycling was started. The solution concentration and cooling rate were chosen after few preliminary experiments that confirmed that nucleation temperature and crystal shape are not significantly affected by the rate of cooling at the level of supersaturation used for the experiments ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.6b01683/suppl_file/cg6b01683_si_001.pdf)). Furthermore, a low level of saturation was chosen to minimize crystal breakage and obtain a regular shape distribution before starting the temperature cycling.

The effects of the cycles' amplitude, heating/cooling rates, presence of the additive, and nonfixed cycling were studied. Experiments in each case were stopped when the statistics from FBRM and PVM reached fairly constant oscillating values.

In order to determine the effect of cycles' amplitude, a constant heating/cooling rate of ±0.3 °C/min was used, and three different cycling amplitudes (4.5, 6, and 7.5 °C) were tested. The effect of heating/cooling rate was studied by cycling crystals with 4.5 °C amplitude cycles at rates ±0.1, ±0.3, and ±0.5 °C/min. The 4.5 °C amplitude cycle, with ±0.3 °C/min heating/cooling rate, experiment was then repeated in the presence of Pluronic P123 at 1:200 and 1:400 w/w polymer/succinic acid ratios, to investigate the effect of polymer additive on the resulting crystal morphology.

Fixed cycles at different amplitudes were compared to converging cycles (direct nucleation control, DNC). The DNC procedure is based on the combined use of FBRM and CryPRINS to keep the number of crystals in the vessel constant during a batch cooling crystallization, in order to promote their growth. One of the statistics (usually total counts/s) measured by the FBRM is sent to CryPRINS, and temperature is decreased if the measured total counts/s is lower than the set point range, or increased if it is higher (crystals in excess are then dissolved). Total counts/s set point, heating and cooling rates can be selected in CryPRINS. The concept of DNC has been successfully used for both pharmaceutical and biopharmaceutical compounds.^[@ref17],[@ref18],[@ref39],[@ref40]^

Two set points were chosen for pure succinic acid: 50 and 100 \#/s based on the number of counts reached at the steady-state conditions in the fixed-cycle experiments. The lower set point was also tested in the presence of Pluronic P123 additive in a ratio of 1:400 w/w to succinic acid. A heating/cooling rate of ±0.3 °C/min was used for the additive experiment, while a ± 0.2 °C/min rate was applied to the two experiments in the absence of additive.

Samples of 5--6 mL were taken during the cycles and observed in an optical microscope. Furthermore, their polymorphic form was checked by Raman microscopy and single crystal X-ray diffraction was carried out to index the faces of each analyzed crystal.

Face indexing of the crystals was carried out using a Rigaku Oxford Diffraction (formerly Agilent Technologies) Xcalibur diffractometer with Mo--Kα (λ = 0.71073 Å) radiation, equipped with an optical camera to select the faces. The CrysAlisPro 171.37.33 software was used to index the crystal faces. Mercury 3.5^[@ref41]^ was used to calculate the Bravais--Friedel--Donnay--Harker (BFDH) morphology and to determine the molecular arrangement at the facet surfaces.

Results and Discussion {#sec3}
======================

Initial Cycling Experiment {#sec3.1}
--------------------------

An aqueous solution of succinic acid (saturation temperature of around 20 °C) was heated up until complete dissolution of the solid and then cooled down to 10 °C at a rate of −0.5 °C/min. After nucleation, heating and cooling cycles of 4.5 °C amplitude were applied to the solution for about two consecutive days, until the oscillating trends for shape and size distributions of the crystals did not change significantly over a relatively long period of time (around 500 min). This can be considered a "practical" steady state, and it was identified by the observation of PVM and FBRM statistics as well as the Raman signal. This condition will be referred to simply as "steady-state" in the rest of this paper. The evolution of the system for longer times (weeks or years of cycling) is not the aim of this work, and it would likely require the use of simulations tools, since such long experiments are quite unpractical.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the temperature profile and the total counts/s recorded from FBRM: an oscillating trend can be observed for the total counts/s indicating the presence of secondary nucleation during the cooling steps of the cycles, for the whole duration of the experiment. However, secondary nucleation is counterbalanced by dissolution, growth, and Ostwald ripening which contribute to an overall decrease in the total counts down to around 50 \#/s. The smaller particles generated by both primary and secondary nucleation are preferentially dissolved during the heating phases allowing further growth of the larger ones during cooling. Primary nucleation generates a large amount of fines that are dissolved and incorporated into the largest crystals during the cycles in the first 1500--2000 min of the experiment. This generates a rapid decrease in the number of crystals in solution and a quick increase in the mean crystal size. Toward the end of the experiments almost all the fines produced by the initial primary nucleation have been dissolved and incorporated in the larger crystals; the following heating steps primarily dissolve fines produced by secondary nucleation. Dissolution, growth, and secondary nucleation are the main phenomena in the presented static cycling experiments, while Ostwald ripening is believed to play only a secondary role. In fact, this phenomenon becomes relevant at low supersaturations, when nucleation is not predominant anymore;^[@ref42],[@ref43]^ the presence of temperature cycles that periodically create high supersaturation as well as secondary nucleation distances the studied system from this condition. Furthermore, when a narrow size distribution with large mean size is achieved, Ostwald ripening is practically negligible.^[@ref44]^

![(a) Total counts/s from FBRM and (b) Raman signal for a cycling experiment (4.5 °C amplitude and no additive).](cg-2016-016833_0002){#fig2}

These considerations are confirmed by the trends for both PVM and FBRM main statistics, shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b. Total counts/s and fines counts (1--10 μm chord length) are shown together with the mean of the chord length distribution (CLD) and the mean of the square weighted chord length distribution (SWCLD). While the counts of fines and total particles is decreasing, the means of the CLD and the SWCLD are increasing as a result of the growth of the succinic acid crystals. It is worth noting that the trends from the two instruments are very similar, and the data from the PVM presents relatively small noise compared to other systems tested with the same probe.^[@ref45],[@ref46]^

![(a, b) Comparison between FBRM and PVM statistics for the same cycling experiment (4.5 °C amplitude and no additive). The difference in scale in the two graphs is due mainly to the different size of the focusing area for the two instruments. Furthermore, in order to improve the quality of the PVM images a plastic lid is normally inserted at the end of the probe to reflect the light back to the camera. The presence of this obstacle decreases the number of particles that this probe can measure compared to FBRM.](cg-2016-016833_0003){#fig3}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the trend of two Raman peaks, one for the solute (840 cm^--1^) and one for the solid particles (937 cm^--1^). Second derivative and smoothing were applied to all Raman spectra for a better peak identification. While the intensity of the solute peak oscillates between the same minimum and maximum values, the peak corresponding to the solids decreases over time even though it continues to oscillate. During the cycles the number of particles decreases while their size increases as a result of the dissolution of the fine particles. Clearly, the intensity of the solid peak is inversely proportional to the size of the particles and/or directly correlated to their number. While it is easy to understand the effect of cycling on the size and number of the crystals by observing the PVM and FBRM statistics, obtaining quantitative information on the change in crystal shape for this system is not possible.

PVM images can give an indication of a change in shape of the crystals, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}: crystals move from irregular plates to a tridimensional diamond shape. This change indicates that the heating steps contribute to both the complete dissolution of fine crystals produced by primary and secondary nucleation as well as partial dissolution of the larger particles, which allows the observed morphology evolution.

![PVM images of succinic acid crystals during the temperature cycling experiment with 4.5 °C cycling amplitude and ±0.3 °C/min heating/cooling rates. Images taken at (1) 100 min after initial cooling to 10 °C; (2) 210 min, heating step; (3) 360 min, heating step; (4) 660 min, heating step; (5) 915 min, heating step; and (6) 1070 min, cooling step.](cg-2016-016833_0004){#fig4}

Furthermore, microscopic images of the crystals extracted during the cycling are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}: the shape is initially plate-like, but it gradually converts to diamond-like. The diamond crystals are easier to filter and present a higher uniformity in shape compared to the particles obtained before cycling.

![Microscopic images of samples at (1) 120 min, constant temperature at 10 °C; (2) 270 min, heating step; (3) 425 min, cooling step; (4) 1260 min, cooling step; (5) 1600 min, cooling step; (6) final crystals after cooling (2990 min).](cg-2016-016833_0005){#fig5}

Since it is difficult to determine the exact crystal morphology by examining two-dimensional images, the faces of few filtered and dried crystals from the experiments were indexed thus studied using single crystal X-ray diffraction.

The result of face indexing a diamond shaped succinic acid crystal is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The same figure also shows the face indexing of an early nucleated plate-like crystal for comparison. It is evident that cycling promotes the growth of the (110) and (11̅0) faces over the (100) face which is prominent in the plate-like crystals that nucleated before cycling. The (100) face intercepts chains of succinic acid molecules linked by carboxylic acid dimers; it is, therefore, a polar face with which water easily interacts. That explains why this face is normally prominent in the succinic acid crystals nucleated and grown in water. Temperature cycling seems to help in overcoming the inhibiting effect of the solvent on the growth of the (100) face.

![Change in morphology of succinic acid crystals during temperature cycling.](cg-2016-016833_0006){#fig6}

While the plate-like shape with predominant (100) face has often been found as the most common morphology for succinic acid crystals grown from water via both experiments^[@ref33],[@ref35],[@ref38]^ and modeling work,^[@ref28],[@ref36],[@ref37]^ diamond shaped crystals of succinic acid obtained from water have never been observed before.

In addition, it is interesting to note that the final steady-state shape produced from the temperature cycling experiments presented here is more comparable with the equilibrium shape calculated by the Bravais--Friedel--Donnay--Harker (BFDH) approach (shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) than the morphology produced in the absence of temperature cycling. While the (100) face is present in the BFDH model, it is less dominant and the (110) and (1̅10) faces featured in the crystals produced from temperature cycling are also present.

![BFDH calculated morphology of β-succinic acid.](cg-2016-016833_0007){#fig7}

Different Amplitudes Cycling {#sec3.2}
----------------------------

Three different cycling amplitudes (4.5, 6, and 7.5 °C) were tested using a heating/cooling rate of ±0.3 °C/min. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the final shape of the crystals obtained during the three runs as well as the trends of the total counts/s over time.

![(a) Trends of the total counts/s (values normalized to 1) for cycling experiments at different cycle amplitudes; crystals obtained at the end of experiments (cooling step) at (b) 4.5 °C amplitude cycling (2990 min); (c) 6 °C amplitude cycling (1470 min); and (d) 7.5 °C amplitude cycling (1500 min).](cg-2016-016833_0008){#fig8}

All crystals have the same diamond shape at the end of the experiments despite the different operating conditions. The time required to obtain a stable oscillating trend of the total counts/s seems to increase with decreasing the amplitude of the cycles; larger cycles of heating and cooling allow a faster dissolution of the small particles and a quicker adjustment to the steady-state shape. An increase in the maximum number of counts during the oscillations for the cooling phases in the cycling experiments at 7.5 °C amplitude; this is due to both secondary nucleation of new small particles and partial sedimentation of the bigger crystals, which tend to "expose" the smaller crystals to the FBRM laser beam. Fouling on the probe has to be excluded in this case since the trend of the total counts/s recorded with the PVM was similar to that from the FBRM and images did not show any sticking particles on this probe. Furthermore, several fines particles can be observed in the PVM images toward the end of the experiment.

Different Cooling/Heating Rate {#sec3.3}
------------------------------

The effect of different heating/cooling rates on the shape of the succinic acid crystals and the time to reach a steady-state condition was evaluated by three temperature cycling experiments at ±0.1, ±0.3, and ±0.5 °C/min. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the results for the three experiments; the time needed to reach the steady-state condition is determined by the observation of the Raman signal of the peak for solid succinic acid, shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. Faster rates allow a constant oscillating value to be reached more quickly; at ±0.5 °C/min only 1500 min are needed to reach a stable Raman signal, while it takes over 4000 min if the cycling rates are ±0.1 °C/min. However, the microscopic images of the three samples ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b--d) show considerable differences in the shape of the crystals and, in particular, in its homogeneity.

![Effect of temperature cycling at different heating cooling rates: (a) Raman signal for the solid peak of succinic acid for temperature cycling experiments at ±0.1, ±0.3, and ±0.5 °C/min; (b) microscopic images of crystals obtained after cycling at ±0.1 °C/min; (c) microscopic images of crystals obtained after cycling at ±0.3 °C/min; (d) microscopic images of crystals obtained after cycling at ±0.5 °C/min.](cg-2016-016833_0009){#fig9}

Particles obtained at faster heating/cooling rates ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d) have a more irregular diamond shape compared to those obtained at slower rates ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b,c). It is likely that the fast cycling does not allow enough time for the rearrangement of the shape (especially for larger particles) resulting in inhomogeneity within the crystals population.

The slight shift in the Raman signal for the experiment at rates of ±0.5 °C/min is due to an involuntary change in the position of the Raman probe within the vessel which did not influence the Raman signal from the solute.

Effect of the Additive on the Steady-State Conditions {#sec3.4}
-----------------------------------------------------

The effect of the polymer additive Pluronic P123 on the shape of succinic acid crystals during cycling experiments was also tested.

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b--d shows images of the crystals obtained at the end of cycling experiments both in the absence of additive and in its presence, at weight ratios of 1:200 and 1:400 over the total succinic acid in the vessel. The steady-state shape in the presence of the additive is rod-like in contrast to the diamond shape obtained without additive. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a shows the trends for the normalized Raman solid peak intensity during the experiments conducted at different concentrations of polymer: the time necessary to reach a steady state condition is longer in the presence of the additive. The difference in shape and the longer time needed to stabilize the Raman signal is due to the inhibiting effect of Pluronic P123 on the growth of succinic acid, which has been observed elsewhere,^[@ref38]^ where the effect on particle morphology of differing concentrations of both succinic acid and polymer was studied. It is worth noting that this polymeric additive is able to modify the shape of succinic acid without being incorporated in the crystal structure as shown in the same work.^[@ref38]^

![(a) Trends of the Raman peak related to solid succinic acid (values normalized to 1) for cycling experiments at different additive concentrations; (b) crystals obtained at the end of the cycling experiment in the absence of additive (2980 min); (c) crystals obtained at the end of the cycling experiment with 1:400 additive/SA weight ratio (4390 min); and (d) crystals obtained at the end of the cycling experiment with 1:200 additive/SA weight ratio (4610). The trends were stacked in the plot to avoid overlapping of signals.](cg-2016-016833_0010){#fig10}

The two experiments conducted in the presence of additive present interesting trends of the total counts/s, CLD and FBRM statistics because of secondary nucleation and growth in length of the rod-like crystals. The full set of data and detailed explanation is shown in the Supporting Information ([SI2](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.6b01683/suppl_file/cg6b01683_si_001.pdf)).

[Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows the evolution of the crystals during the cycling experiment conducted at a 1:400 w/w ratio of additive over succinic acid. The size of the particles clearly increases but the shape does not seem to change while cycling; crystals remain rod-like during the whole experiment. The presence of the additive prevents the shape evolution of succinic acid crystals into diamonds during the temperature cycling.

![Microscopic images of samples during the cycling experiment performed in the presence of 1:400 additive/SA weight ratio; (a) initial crystals before cycling, collected at constant temperature of 10 °C (0 min); (b) heating step (1045 min); (c) heating step (1480 min); and (d) final crystals, cooling step.](cg-2016-016833_0011){#fig11}

[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows the results of the face indexing: the presence of the additive inhibits growth of the crystals in the direction perpendicular to the (111) and (11̅1) faces, resulting in a rod-like shape with the elongation along the crystallographic *a*-axis.

![Change in succinic acid morphology of succinic acid in the presence of an additive (Pluronic P123).](cg-2016-016833_0012){#fig12}

Convergent Cycling (DNC) {#sec3.5}
------------------------

Automated temperature cycling of decreasing amplitude, based on the value of the total counts/s recorded from FBRM (direct nucleation control, DNC), was also applied to the growth of succinic acid crystals.

This strategy was tested to investigate whether it is possible to obtain diamond shaped crystals with a large mean size, similar to what was observed in the static cycling experiments, but in less batch time.

The DNC is designed to keep the total counts/s at a specific set point by alternating heating cycles, which dissolve the fine particles and reduce the counts/s, and cooling cycles, which allow growth of the larger crystals as well as potential nucleation that leads to increase in the counts/s.

Two set points of 50 and 100 \#/s were chosen based on the values of the total counts/s at stationary conditions, determined in the experiments presented in the previous sections (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"} shows the temperature profile, the trend for the total counts/s and the mean of the SWCLD for three different experiments. [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"} a shows the results for the experiment carried out in the absence of additive and with a total counts/s set point of 100 \#/s. The experiment shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b was conducted without Pluronic P123 present and at a set point of 50 \#/s, while for the experiment of [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}c a weight ratio polymer/succinic acid of 1:400 was used. As expected a lower set point required a longer batch time, and a higher number of temperature cycles was reached (six cycles with set point 100 \#/s versus nine cycles with set point 50 \#/s).

![(a) Direct nucleation control (DNC) experiment with set point 100 \#/s, no additive, and heating/cooling rate ±0.2°12C/min; (b) DNC experiment with set point 50 \#/s, no additive, and heating/cooling rate ±0.2 °C/min; (c) DNC experiment with set point 50 \#/s, with additive in 1:400 ratio, and heating/cooling rate ±0.3 °C/min.](cg-2016-016833_0013){#fig13}

Comparing [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b,c it is evident that, in the presence of the additive, more cycles are required to reach the same total counts/s set point (16 cycles versus 9). This is due to the inhibiting effect of the polymer on the growth of succinic acid crystals.^[@ref38]^ The total time necessary to reach the total counts/s set point is considerably lower than the time needed to reach stationary conditions with cycles of fixed amplitude. However, the final shape of the crystals is still plate-like (without polymer) and rod-like (with polymer) rather than diamond-like, as shown in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}.

![(a) Microscopic image of crystals obtained from direct nucleation control (DNC) experiment with set point 100 \#/s and no additive; (b) microscopic image of crystals obtained from DNC experiment with set point 50 \#/s and no additive; (c, d) microscopic images of crystals obtained from DNC experiment with set point 50 \#/s and additive in a 1:400 ratio.](cg-2016-016833_0014){#fig14}

[Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}a,b shows the crystals obtained at the end of the two DNC experiments carried out without additive. Crystals grew larger and more homogeneous in shape compared to the early nucleated crystals, but they still preserve mainly a plate-like shape (few diamond shaped crystals were identified in the samples taken during the experiment with 50 \#/s set point). The shape of the crystals nucleated in the presence of the polymer is rod-like, as observed in the previous runs. It is clear that, despite reaching the target total counts/s in less time compared to the static cycling experiments ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [8](#fig8){ref-type="fig"}a, and [9](#fig9){ref-type="fig"}a), the DNC strategy could not allow a uniform diamond shape to be obtained, as observed in the static cycling experiments. In order to reach this morphology, further temperature cycling had to be applied to the crystals while still in suspension.

[Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"} shows a few particles obtained after DNC at 50 \#/s set point followed by temperature cycling between 8.5 and 16 °C at a heating/cooling rate of ±0.3 °C/min for 28 h. Only the addition of temperature cycling after DNC allows the diamond shape to be reached uniformly in the whole crystal population, indicating that it is not possible to obtain the steady-state shape by forcing the counts to decrease to their steady state value using the feedback strategy alone.

![(a--d) Microscopic images of crystals obtained after direct nucleation control with set point 50 \#/s followed by cycling between 8.5 and 16 °C at a heating/cooling rate of ±0.3 °C/min for 28 h.](cg-2016-016833_0015){#fig15}

Conclusions {#sec4}
===========

Temperature cycling can modify the shape and size of succinic acid crystals until a steady-state condition (that can be detected using PAT tools) is reached. The type of cycling and the presence of additives can dramatically change the characteristics of the particles at steady-state condition as well as the time necessary to reach them.

In the absence of an additive the shape of succinic acid crystals moves from plate-like, just after nucleation, to a diamond shape after temperature cycling. Both PVM and FBRM statistics change during the cycling and tend to reach steady-state values, which can help determine the time of the transient state. In the presence of Pluronic P123, succinic acid crystals do not change their shape during cycling but they increase in size. Particles remained rod-like during the whole process but grew until they reached a steady-state size distribution, detectable by both PVM and FBRM statistics.

It was found that increasing the amplitude of the cycles or the heating/cooling rates decreases the time necessary to reach a steady-state condition. However, imposing converging cycles by DNC modified the size but not the shape of the crystals, indicating the need for longer times for the evolution of the shape.

The ability to control the shape of the particles at the end of a crystallization process is essential for the improvement of downstream processes such as filtration, washing, and drying. The results of this work show how crystal shape can be modified by changes in temperature as well as by additives that are not incorporated in the solid.^[@ref38]^ This gives a further strategy that can produce optimized particles without compromising the purity of the final product, offering routes to optimize successive unit operations in a process and achieve a higher quality product.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.cgd.6b01683](http://pubs.acs.org/doi/abs/10.1021/acs.cgd.6b01683).Metastable zone widths and succinic acid crystals images from batch cooling crystallization experiments performed at different cooling rate ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.6b01683/suppl_file/cg6b01683_si_001.pdf))
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